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Abstract The ice albedo feedback is one of the key factors of accelerated temperature increase in the
high northern latitudes under global warming. This study assesses climate impacts and risks of idealized
Arctic Ocean albedo modiﬁcation (AOAM), a proposed climate engineering method, during transient cli-
mate change simulations with varying representative concentration pathway (RCP) scenarios. We ﬁnd no
potential for reversing trends in all assessed Arctic climate metrics under increasing atmospheric CO2 con-
centrations. AOAM only yields an initial offset during the ﬁrst years after implementation. Nevertheless, sea
ice loss can be delayed by 25(60) years in the RCP8.5(RCP4.5) scenario and the delayed thawing of perma-
frost soils in the AOAM simulations prevents up to 40(32) Pg of carbon from being released by 2100. AOAM
initially dampens the decline of the Atlantic Meridional Overturning and delays the onset of open ocean
deep convection in the Nordic Seas under the RCP scenarios. Both these processes cause a subsurface
warming signal in the AOAM simulations relative to the default RCP simulations with the potential to desta-
bilize Arctic marine gas hydrates. Furthermore, in 2100, the RCP8.5 AOAM simulation diverts more from the
2005–2015 reference state in many climate metrics than the RCP4.5 simulation without AOAM. Considering
the demonstrated risks, we conclude that concerning longer time scales, reductions in emissions remain
the safest and most effective way to prevent severe changes in the Arctic.
1. Introduction
Over the last decades air temperatures have been rising much faster in the Arctic than in other regions of
the planet [Screen Simmonds, 2010]. This Arctic ampliﬁcation of global warming is strongly connected to
positive feedback mechanisms [Stocker et al., 2013; Serreze and Francis, 2006], with the ice albedo feedback
being of special importance [Holland and Bitz, 2003]. Positive feedbacks can amplify the consequences and
spatial impact of an initially local perturbation. While our scientiﬁc understanding of feedback processes of
the Earth system is still far from complete, currently the Arctic is perceived as a system that holds tipping
points of relevance for the global climate [Lenton et al., 2008; Lenton, 2012]. However, the existence of such
tipping points especially concerning Arctic sea ice has been challenged and is under debate [e.g., Tietsche
et al., 2011; Wadhams, 2012]. Six of 15 policy-relevant potential future tipping elements discussed by Lenton
et al. [2008] are located in the high northern latitudes: (i) the risk of Arctic summer sea ice loss, (ii) the break
down of Atlantic deep water formation and an associated slowing down of the meridional overturning cir-
culation (MOC), (iii) permafrost thawing and consequently a release of carbon and methane from the soils,
(iv) a destabilization of marine methane hydrates, (v) the melt and collapse of the Greenland ice sheet, and
(vi) the development of an Arctic ozone hole.
With global CO2 emissions still increasing and climate change progressing [Stocker et al., 2013], there is
more and more interest in technological approaches that would counteract climate change. A number of
so-called Climate Engineering (CE) methods have been suggested [Crutzen, 2006]. They can be partitioned
into carbon dioxide removal methods, aimed at reducing atmospheric CO2 concentrations, and solar radia-
tion management (SRM) methods, aimed at manipulating the Earth’s radiation budget without addressing
atmospheric CO2 concentrations. For both CE methods implementation and governance concepts are dis-
cussed widely [e.g., Robock, 2008; Blackstock et al., 2009; Feichter and Leisner, 2009; Keith, 2013; Hulme, 2014].
Because of the already progressing large anthropogenic warming signal in the Arctic, the expected future
warming threats, and the regionally relatively conﬁned atmospheric and oceanographic circulation features,
the Arctic is of particular interest when it comes to debating regional-scale interventions in the climate
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system. Most of the previous studies on the impact of Arctic CE investigate atmospheric SRM by either dim-
ming the incoming short wave radiation [Caldeira and Wood, 2008; MacCracken et al., 2013; Tilmes et al.,
2013] or by explicitly modeling the implementation of sulphate aerosols in the high northern latitudes
[Robock et al., 2008]. The focus of these studies was set predominately on CE impacts on atmospheric met-
rics, such as surface temperature and precipitation [Caldeira and Wood, 2008; Robock et al., 2008]. Tilmes
et al. [2013] additionally investigated changes in atmospheric as well as oceanic heat transports. Recently,
Cvijanovic et al. [2015] investigated the potential of ocean albedo modiﬁcation on Arctic sea ice restoration
and climate in a model set up of an abrupt quadrupling of CO2. They found that a constant albedo of 0.9
applied to the area north of 708N or 758N was most effective in restoring Arctic sea ice, with September sea
ice area stabilizing at about 40% of preindustrial sea ice coverage in both idealized scenarios. They did not
investigate possible impacts on ocean heat content or ocean circulation however. In the current study, we
investigate modiﬁcations of the ocean surface albedo at high northern latitudes during transient climate
change under 21st century Coupled Model Intercomparison Project 5 (CMIP5) [Taylor et al., 2012] emission
scenarios, with special emphasis of changes in ocean heat content and meridional overturning circulation.
Holland and Bitz [2003] state that the ice albedo feedback is one of the key factors of the positive feedback
mechanisms, which amplify climate change in the high northern latitudes. Open water has an albedo of
0.03–0.4 [Jin et al., 2004], whereas the albedo of sea ice ranges between 0.6 and 0.7 for bare ice and 0.8–0.9
for snow-covered ice [Perovich et al., 2002]. The CE approach studied here aims to exploit this feedback by
implementing an albedo modiﬁcation on ice-free ocean areas in summer. Arctic ampliﬁcation of global
warming is strongest in autumn and winter [Serreze and Barry, 2011], which is the season when the ocean
releases the heat absorbed over summer to the atmosphere. Larger ice-free areas in summer enable more
oceanic heat storage and a larger heat release to the atmosphere in autumn and winter. Therefore, the
objective of this CE approach is to increase ocean surface albedo, reducing energy absorption by the ocean,
and thus limiting the heat exchange with the atmosphere during summer and fall. This approach is
expected to limit the sea ice loss in summer and foster the formation and maintenance of a multiyear ice
cover in the long term.
Suggestion on possible implementation schemes for an artiﬁcial surface albedo modiﬁcation include the
use of oceanic foams [Evans et al., 2010], microbubbles [Seitz, 2011] in combination with surfactants [Crook
et al., 2016], or ﬂoating glass spheres [Gordon and Walter, 2011]. However, a detailed discussion of the tech-
nical aspects of deployment is beyond the scope of this paper. We focus on modeling potential consequen-
ces of an assumed successful implementation, using an ocean-sea ice model coupled to a simple
atmospheric model and a global carbon cycle model, in order to investigate an idealized albedo modiﬁca-
tion over the Arctic Ocean surface.
This study is organized as follows: Section 2 describes the model implementation of the CE approach. In
section 3 we present the results of our study, whereby the above mentioned potential tipping elements in
the Earth system of Lenton et al. [2008] are used as a guideline for the analysis. Section 4 includes a general
discussion and the conclusion is presented in section 5.
2. Methods
2.1. Model Description
The model employed is the University of Victoria Earth System Climate Model (UVic ESCM) version 2.9, an
Earth system model of intermediate complexity [Weaver et al., 2001; Eby et al., 2013]. It includes schemes for
ocean physics based on the Modular Ocean Model Version 2 (MOM2) [Pacanowski, 1995], ocean biogeo-
chemistry [Keller et al., 2012], and a terrestrial component including soil and vegetation dynamics [Meissner
et al., 2003]. It is coupled to a dynamic-thermodynamic sea ice model with several ice thickness categories
[Bitz et al., 2001] and elastic visco-plastic rheology [Hunke and Dukowicz, 1997]. The atmosphere is repre-
sented by a two dimensional atmospheric energy moisture balance model [Fanning and Weaver, 1996].
Note, that Skvortsov et al. [2009] positively evaluated the UVic ESCM for surface air temperature as well as
snow cover in the Arctic. All model components have a common horizontal resolution of 3.68 longitude and
1.88 latitude and the oceanic component has a vertical resolution of 19 levels, with vertical thickness varying
between 50 m near the surface to 500 m in the deep ocean.
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Wind velocities used to calculate advection of atmospheric heat and moisture as well as the air-sea ice
exchange of surface momentum, is prescribed as monthly climatological wind ﬁelds from NCAR/NCEP rean-
alysis data [Keller et al., 2014]. The planetary albedo varies as a function of latitude and time of year to
account for changes in solar zenith angle. Atmospheric albedo, representing clouds and aerosols, are pre-
scribed monthly ﬁelds held constant throughout the simulations. The surface albedo in the model depends
on the vegetation and snow coverage over land areas and on the sea ice coverage over the ocean, where
the default sea ice albedo has a value of 0.8 (see supporting information Figure S1 for the reference model
surface albedo distribution in 2005).
2.2. Experimental Set Up and Forcing
The UVic ESCM was spun up with preindustrial (year 1800) seasonally varying forcing for over 10,000 years.
All simulations were integrated from 1765 until 2005 using historical fossil-fuel and land-use carbon emis-
sions, as well as radiative forcing from solar variability and volcanic activity. Historical land use changes
were implemented following the protocols of the CMIP5. Following Keller et al. [2014], continental ice sheets
were held constant to facilitate the experimental setting and analyses. Branching off from the control simu-
lation in 2005, three default experiments running until 2100 were conducted. Two follow the CO2 emission
scenarios of the Representative Concentration Pathways (RCPs) 8.5 and 4.5 from Meinshausen et al. [2011]
and one features no CO2 emission from 2005 onward (noEmit). The latter represents an idealized maximum
mitigation scenario (disregarding the possibility of negative emissions). Note, that there is a concomitant
warming and associated further reduction in sea ice even in this simulation due to the CO2 that is already
emitted until 2005, a large portion of which remains in the atmosphere until the end of the simulation.
For each of these three scenarios we ran an additional simulation with Arctic Ocean Albedo Modiﬁcation
(AOAM) starting in 2020. AOAM is implemented by prescribing a surface albedo of 0.8, i.e., the model’s
default value for sea ice, whenever
the sea ice concentration drops
below 50% in grid cells north of 708N
(Figure 1). This is done for every
model time step from 2020 to 2100.
Note, that AOAM only affects the
incoming shortwave ﬂuxes directly.
Atmosphere-ocean heat ﬂuxes, long-
wave ﬂuxes and evaporative ﬂuxes
may change due to interactive physi-
cal processes. If a speciﬁc implemen-
tation method were to be tested, the
model implementation would need
to be adjusted. For example, if we
considered the implementation of
microbubbles, this would in addition
to surface albedo also affect evapora-
tive ﬂuxes. For diagnostic purposes, a
virtual tracer that is analogous to
adding an inert dye to water was
implemented in the whole Arctic
basin north of 708N over all depth
levels, where it was set to the value 1,
at the beginning of the experiment in
2020. The tracer allowed us to track
the pathways of the water masses
entering and leaving the Arctic Ocean
(for more details on the tracer evalua-
tion, see section A in the supporting
information).
Figure 1. Annual mean changes in surface albedo in the Arctic due to the AOAM
implementation in 2020 exemplarily in the RCP8.5 scenarios, i.e., RCP8.5 AOAM
minus RCP8.5. As a reference the mean september sea ice edge deﬁned as the 15%
sea ice concentration contour line from observations (black line) and the UVic ESCM
(red line) for the period of 2005–2014 is shown, where observations are taken from
Meier et al. [2013].
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For all emission scenarios, the annual maximum area over which AOAM is applied in 2020 is about 5.1 mil-
lion km2 (Figure 1). By the end of the century, for simulations with increasing CO2 emissions, the maximum
AOAM area increased to 7.8 (5.8) million km2 for the RCP8.5 (RCP4.5) simulation during summer times.
These areas account for 77 (58) % of the oceanic Arctic area north of 708N. For the noEmit simulation, the
maximum AOAM area in the summers of 2090–2100 has slightly decreased to 4.3 million km2, which
amounts to 42% of the Arctic Ocean area. The fact that the area of implementation is increasing with time
for the two scenarios with increasing atmospheric CO2 concentrations already indicates a loss in summer
Arctic sea ice, regardless of the implemented albedo modiﬁcation, and hints at the enormous technical
challenge of maintaining AOAM over time in reality.
The objective of AOAM is to alter the radiation budget at the Arctic Ocean surface by mimicking an initia-
tion of the ice-albedo effect, one of the key factors for Arctic ampliﬁcation of climate change [Holland and
Bitz, 2003]. Other feedbacks, such as the cloud-albedo feedback [Serreze and Barry, 2011] are not included in
the simulations, since the UVic ESCM simulates no change of cloud albedo with time. This neglected cloud
response might lead to a bias in the simulated effect of AOAM.
3. Results
For both, the RCP8.5 and RCP4.5, emission scenarios, the global impact of simulated AOAM is small com-
pared to the reference global annual mean surface air temperature changes of 2.98C and 1.48C in 2090–
2100, respectively. Global mean surface air temperatures are reduced by only 0.28C in 2090–2100 in both
scenarios when AOAM is implemented. Accordingly there is little potential for this method as a global CE
measure, consistent with the previous results by Cvijanovic et al. [2015]. Therefore in the following, we focus
on the Arctic deﬁned as the region north of 708N and all numbers given are averages over this region if not
mentioned otherwise. The implementation of AOAM will be analyzed with respect to its potential to reduce
Arctic warming and its impact on potential tipping elements discussed by Lenton et al. [2008] relative to the
reference state in 2005–2015.
3.1. Arctic Radiation Balance and Temperature Changes
The albedo increase associated with the AOAM reduces the amount of shortwave radiation absorbed by
the Arctic Ocean areas in summer. In the RCP8.5 (RCP4.5) AOAM simulations surface net downward short-
wave radiation is reduced by maximum values of 82 (65) W m– 2 in boreal summer by the end of the cen-
tury relative to the default simulations without AOAM. This causes a cooling of the surface and
consequently a decrease in the surface outgoing longwave radiation in the subsequent autumn of up to 16
(15) W m– 2 compared to the default simulations. These changes in surface radiation ﬂuxes cause a strong
increase in upward net radiation at the top of the atmosphere (TOA). The two default RCP simulations show
a negative 21st century trend in the upward TOA net radiation in the Arctic (Table 1), which is reversed if
AOAM is implemented. The strongest effect is found for RCP8.5 simulations with an increase of net upward
radiation at TOA by 62 W m– 2 in the summers 2090–2100 upon the simulated deployment of AOAM. In the
noEmit simulation no signiﬁcant trend in TOA net radiation is evident. If AOAM is implemented in noEmit,
radiative losses to space increase and temperatures decline.












radiation (W m– 2)
121 23.3 4.5 21.2 3.9 0.4 3.8
Surface temperature ðCÞ 213.3 4.4 3.2 2.2 1.2 20.0 20.6
Ocean ice volume ð103km3Þ 14.2 27.7 25.2 24.2 21.2 20.5 1.6
Permafrost area ð106km2Þ 17.3 28.1 26.6 24.0 22.8 20.1 0.7
Ocean albedo (1) 0.548 20.104 0.065 20.054 0.063 20.005 0.070
Land albedo (1) 0.46 20.048 20.043 20.029 20.024 20.004 20.001
aThe given differences are calculated from annual mean values between 2090–2100 and 2005–2015. The considered area is 70–908N
for all properties but for permafrost area and land albedo, where we consider the area of 50–908N.
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In 2005–2015 the simulated annual mean Arctic surface air temperature is 213.38C (Table 1), followed by a
positive annual mean temperature change until 2090–2100, which ranges between 4.48C in the RCP8.5 sim-
ulation and 0.08C in the noEmit simulation. With the exception of the noEmit simulations, for which the Arc-
tic surface air temperature is reduced by 0.68C in 2090–2100 relative to 2005–2015 under the deployment
of AOAM, the warming trend in the Arctic can only partly be offset by AOAM. Within the ﬁrst 5 years of
AOAM deployment there is an initial decrease of Arctic surface air temperatures of 0.58C, but thereafter
Arctic temperatures start to increase again and follow the same trends as in the corresponding default sim-
ulations. The difference between the RCP8.5 and the RCP8.5 AOAM simulation at the end of the century is
largest in autumn with lower temperatures of up to 48C (and 38C for RCP4.5) in the AOAM simulation.
Higher surface air temperatures cause an earlier spring melt of snow on land and a prolonged summer sea-
son, with a consequently higher rate of exposure to dark snow-free areas in summer [Serreze and Barry,
2011]. The annual mean land surface albedo in the 2005–2015 reference state north of 508N is 0.46 (Table
1). In all six experiments this value decreases, meaning that more of the incoming shortwave radiation is
absorbed. Hence the soils warm and emit more longwave radiation, further warming the atmosphere
above. The AOAM simulations show lower land albedo decreases relative to their respective default simula-
tions without AOAM (Table 1), because the lower temperatures in the AOAM simulations partly prevent the
reduction of snow cover and changes in vegetation cover. Over the ocean, albedo changes are strongly
related to sea ice. In the AOAM simulations, the annual mean albedo over the Arctic Ocean is forced to
increase with respect to year 2005, in contrast to an oceanic albedo reduction in the default simulations
(Table 1).
3.2. Arctic Sea Ice
The reduction of the Arctic surface temperatures achieved by AOAM is evaluated for its potential to reduce
Arctic summer sea ice loss and to allow for the formation of thicker and therefore more robust winter sea
ice. The simulated Northern Hemisphere annual minimum sea ice extent in the UVic ESCM amounts to 4.3
million km2 in the summers of 2005–2015 (Figure 2a). This value is within the range of the summer sea ice
extent simulated in the same time period by the CMIP5 models’ of about 3 to 10 million km2 [Stroeve et al.,
2012], but lower than the observed minimum sea ice extent of about 5.5 million km2 in 2005–2012 [Stocker
et al., 2013]. The modeled mean September sea ice extent averaged over 2005–2014 is close to the
observed sea ice extent in the same period (Figure 1, contour lines), although the simulated ice edge posi-
tion differs slightly. In all three simulations without AOAM, the warming causes a decrease in the minimum
sea ice extent until 2100. In the high emission RCP8.5 simulation only 1 million km2 of the Arctic Ocean are
still ice covered in summer, which is comparable to the CMIP5 mean of 0.5 million km2 [Stocker et al., 2013].
The AOAM deployment causes a sea ice extent increase by about 0.75 million km2 within the ﬁrst 5 years
after implementation, regardless of the emission scenario (Figure 2a). Thereafter the development of the
minimum sea ice extent in the AOAM simulations follows very similar negative trends as the respective sim-
ulation without AOAM, i.e., a negative trend of 0.40 (0.12) million km2 per decade for the RCP8.5 (RCP4.5)
scenario and almost no trend in the noEmit simulations. This indicates that, after some positive effects in
the ﬁrst few years of implementation, AOAM is not able to prevent sea ice from decreasing in the longer
term, as long as CO2 continues to accumulate in the atmosphere. Nevertheless, the decline in Arctic sea ice
cover is delayed in the simulations with AOAM: In the RCP8.5 (RCP4.5) case the implementation of AOAM
causes the sea ice extent of 2100 to resemble the state of the default simulation of 2075 (2040). That is,
AOAM may help to delay the effects of global warming by 25 (60) years with respect to Arctic sea ice
decline under the RCP8.5 (RCP4.5) scenario.
In addition to sea ice extent, which is important for the radiation budget, sea ice thickness provides informa-
tion about the robustness of the ice cover concerning short term temperature changes or weather ﬂuctua-
tions. The simulated annual modal ice thickness in the reference state of 2005 is 1.7 m, which agrees well with
observed basin mean ice thicknesses of about 1.1 to 1.8 m for the same decade [Lindsay and Schweiger, 2015].
To get a better understanding of the development of the sea ice thickness distribution, we regard the initial
sea ice thickness distribution of the Arctic Ocean in 2005 and its mean distribution for 2090–2100 for the six
different experiments (Figure 2b). In 2005 the modal ice thickness is 1.7 m, with local maximum ice thick-
nesses reaching 5.1 m. As expected there is a shift toward thinner ice in the RCP8.5 simulation without AOAM,
strongly reducing the amount of ice thicknesses larger than 1.5 m. The thickest ice toward the end of the 21st
century is only 3 m thick. In the RCP4.5 simulation without AOAM, the shift in sea ice thickness toward lower
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values is also evident. The area with sea ice thicker than 1.7 m is strongly reduced and the maximum thickness
is 3.9 m. Sea ice in the noEmit simulation without AOAM follows the distribution of the reference state in 2005
very closely.
AOAM causes the distribution to shift toward higher values. There is a more frequent occurrence of sea ice
thicknesses larger than 1.5 m in the RCP8.5 AOAM simulation. For the RCP4.5 AOAM simulation the sea ice
thickness distribution is very close to the 2005 distribution. An implementation of AOAM in the noEmit case
accordingly causes the sea ice thickness distribution to shift to slightly higher values compared to the refer-
ence state.
In addition, in the high emission simulations without AOAM, the total Northern Hemisphere ice volume is
strongly reduced by the end of the century. In the RCP8.5 (RCP4.5) simulation over 54 (30) % of the ice vol-
ume is lost (Table 1). This negative trend is only weakened and not reversed by the implementation of
AOAM despite its positive effect on the ice thickness distribution. If we compare the ice volume in 2090–
2100 to the reference state in 2005–2015, we see a larger decrease in the RCP8.5 AOAM simulation of 37%,
compared to the default RCP4.5 simulation.
3.3. Meridional Overturning Circulation and Ocean Bottom Temperatures
The effects of AOAM on the radiation budget and sea ice coverage are generally consistent with ﬁndings of
earlier studies [Cvijanovic et al., 2015]. In the following, we thus focus on remote consequences of AOAM for
the three-dimensional ocean circulation, water masses and heat transport. Generally, the Earth System regu-
lates the meridional imbalance of the net radiation via meridional heat transports in the atmosphere and
ocean. Climate model experiments suggest a weakening of the Atlantic Meridional Overturning Circulation











































Figure 2. (a) Northern Hemisphere annual minimum sea ice extent for the different forcing scenarios, see legend, calculated as the yearly
minimum of Arctic sea ice extent with a temporal resolution of 15 days; (b) Areal sea ice thickness distribution in the Arctic Ocean from 15
day mean value occurrences relative to total nonzero value occurrences in the year 2005 (black bars) and in the years 2090–2100 for the
different forcing scenarios, color coding is the same as for Figure 2a.
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(AMOC) under global warming conditions in response to a reduction in meridional temperature gradients
resulting from Arctic ampliﬁcation of global warming [Stocker et al., 2013].
This negative trend is evident in the evolution of the AMOC in all three simulations without AOAM until
2050 (Figure 3a). A recovery of the AMOC is seen for the noEmit default simulation after 2070 and the
decline has stopped in the RCP4.5 default simulation by 2100. In contrast, the AMOC strength keeps declin-
ing in the RCP8.5 simulation until 2100 because in this scenario atmospheric CO2 concentrations still
increase at the end of the century.
The reduction in high-latitude surface temperatures in the AOAM simulations causes the sea ice extent in
the high northern latitudes to increase during the ﬁrst 5 years of AOAM implementation (Figure 2a). The
associated sea ice formation results in a salt ﬂux into the ocean increasing the density of water exported
from the Arctic ocean. This causes more intense deep convection in the subpolar North Atlantic between
508N and 708N, which is not temperature but salinity driven (supporting information Figure S2). As a conse-
quence, a slower reduction of the AMOC is found in the experiments with AOAM between 2020 and about
2060 (Figure 3a). In the RCP8.5 and RCP4.5 AOAM simulations, the AMOC shows a stronger decrease after
2050, even stronger than in the default simulations without AOAM, which can again be attributed to
changes in the freshwater budget in the North Atlantic deep convection areas. There is continued sea ice
melt while regional precipitation does not change during this time period (supporting information Figure
S2d). As a result, sea surface salinity in the North Atlantic area between 50 and 708N is reduced between
2040 and 2080 (supporting information Figure S2c). As a result, the AMOC in the AOAM emission simula-
tions show weaker overturning strengths compared to the respective default simulations in year 2100.
The initial delay in the AMOC reduction in the AOAM simulations causes a higher rate of northward heat
transport from 2020 until 2060 compared to the default simulations (Figure 3b). For the period from 2005
to 2100 the accumulated northward heat transport in the AOAM simulation is higher by 0.021 PW for the
RCP8.5 scenarios, whereas the increase is 0.228 PW for RCP4.5 and as high as 1.265 PW in the noEmit
simulations.
The increased oceanic northward heat transport causes an unexpected subsurface warming in the AOAM
simulations (Figure 4). In both RCP default simulations a surface warming, due to local heat exchange with
the warming atmosphere in summer, and subsurface cooling are evident. The latter is associated with oce-
anic heat loss to the atmosphere during deep convection events in the Nordic Seas in winter and spring
(Figure 5a). Note, in our model these convection sites extend to north of 708N (supporting information
Figure S3), and occur in addition to the main North Atlantic deep convection south of Iceland. Retreat of
the winter sea ice edge due to progressing warming in the default emission scenarios enables open ocean


























































Figure 3. (a) Annual mean maximum North Atlantic meridional overturning and (b) annual mean northward oceanic heat transport in the Atlantic at 268N for the different forcing sce-
narios and experiments, see legend.
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deep convection in this buoyantly unstable ocean area, which otherwise is prevented by a solid sea ice
cover inhibiting direct exchange with the atmosphere. These events are much more unlikely to occur in the
noEmit simulation, in which the ice cover does not retreat but nonetheless experiences natural variability.
In contrast, a subsurface warming signal is emerging at depths of 400–1200 m in the AOAM simulations,
which is caused by two accompanying features. First, the lack of deep convection events in the AOAM simu-
lations (Figure 5a), due to a winter sea ice cover which is forced to extent to 708N, i.e., the location of the
newly formed convection sites, prevents the deeper ocean from cooling. The RCP8.5 AOAM simulation is an
exception, where deep convection occurs from 2080 onward, resulting in a cooling signal at the end of the
century similar to the default runs. And second, water mass transport into the Arctic increases, which is evi-
dent from enhanced dilution of the implemented Arctic dye tracer (supporting information Figures S4 and
S7). The dilution coincides with an increase in water temperatures, most notably at depths of 400–1200 m
(Figure 5b and supporting information Figure S5). Note, that the entering water masses are again inﬂuenced
by the heat exchange with the atmosphere (supporting information Figure S3), which explains the deep
reaching negative temperature changes in the RCP8.5, RCP4.5 and NoEmit simulations. However, in the
RCP8.5 AOAM and the RCP4.5 AOAM simulations, a warming signal in the entering water masses is evident,
indicating a warming from entering water masses, uninﬂuenced by the deep convection. Increasing inﬂow
to the Arctic always means warming as the entering water mass is always warmer, especially when there is
no deep convection in the Nordic Seas. In addition the inﬂow water warms in the emission scenarios due to
global warming.
Both the prevented deep convection and the increasing inﬂow lead to the subsurface warming signal
located along the continental slope in the Arctic Ocean (Figure 6), where the effect of both features can be
regarded separately. In the two RCP8.5 runs with and without AOAM, deep convection occurs continuously
after 2080. Therefore, the warming signal along the continental shelf slope (Figure 6b) can be related to the
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Figure 4. Hovm€oller diagrams of mean Arctic vertical temperature proﬁle changes relative to 2005 between 70 and 908N for the six differ-
ent forcing scenarios (left) and AOAM experiments (right). Black contours mark 0.18C temperature intervals.
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deep convection states and we see en enhanced warming signal from accumulated heat due to the lack of
deep convection in RCP4.5 with AOAM (Figure 6c). It is noteworthy that most of the Arctic marine methane
hydrates are located along the slope of the continental margin [Kvenvolden et al., 1993; Biastoch et al.,
2011]. A cooling trend as found in the default simulations would act to stabilize the hydrates. Our simula-
tions indicate that introducing AOAM yields warming instead. We thus conclude that AOAM could increase
the risk of melting methane hydrates, which could lead to a further increase in atmospheric greenhouse
gas concentrations.
3.4. Permafrost Thawing
Increasing terrestrial temperatures in the Arctic can impact permafrost. The active layer in the upper meters
of the soil is controlled by the annual mean air temperature and the amplitude of the seasonal cycle, while
the actual temperature of the permafrost layer below is very close to the annual mean temperature [Koven
et al., 2013]. In an attempt to assess the future development of permafrost, we take annual mean soil tem-
peratures at 1 m depth below zero degrees Celsius as a simple indicator for the presence of permafrost.
This estimate yields a simulated permafrost area of 17.6 million km2 in 2005–2015 (Table 1 and Figure 7a).
This is similar, though slightly lower, than the observational estimate by Tarnocai et al. [2009] with a perma-
frost area of 18.8 million km2. In the UVic ESCM, the simulated soil temperature in the permafrost area of
2005–2015 increases by 1.28C in the period from 1985 to 2015, which is in line with the observed trends of
Romanovsky et al. [2013], who report that the permafrost temperature in Northern Russia has increased by
1–28C over the last 30–35 years.
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Figure 5. (a) Mean ocean to atmosphere surface heat ﬂux in the Nordic Seas (deﬁned as the area 65–808N and 308W to 308E); (b) Tempera-
ture differences in traced water masses entering the Arctic for the different forcing scenarios and experiments, exemplarily for the period
2060–2070 relative to 2020–2025, i.e., the beginning of the tracer experiment.
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Permafrost soil temperatures increase at 0.5 (0.2)8C per decade from 2020 to 2100 in the RCP8.5 (RCP4.5)
scenario (Figure 7a). In the noEmit simulation temperatures in the permafrost soils start to stabilize at mean
temperatures of about 25.68C. As a consequence of increasing temperatures the permafrost area decreases
in the two reference RCP simulations and the annual mean permafrost boundaries migrate northward
(Figure 7b). In the default simulations under RCP8.5 (RCP4.5) the annual mean surface permafrost area is
reduced by 8.9 (4.3) million km2 by the end of the century. This is a reduction of 50.6 (24.4) % compared to
the permafrost area in 2005–2015. For the noEmit simulation without AOAM the decrease by 2090–2100 is
1.1% of the 2005–2015 permafrost area.
AOAM delays the shrinking of the permafrost area. Since the positive temperature trends can not be
reversed but only offset in the ﬁrst few years of AOAM implementation, there is still an increasing soil tem-
perature trend in the permafrost soils in the RCP8.5 (RCP4.5) AOAM simulations of 0.5 (0.1)8C per decade.
Figure 6. (a) Annual mean Arctic Ocean bottom temperatures simulated for 2005–2010; Annual mean changes in Arctic Ocean bottom temperatures in 2090–2100 due to the implemen-
tation of the AOAM in the (b) RCP8.5 simulation, (c) RCP4.5 simulation, and (d) noEmit simulation. Contour lines are model topography of 750 m, 1500 m and 2500 m depth.
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This initial offset in soil temperature trends relative to the default simulations, is reﬂected in larger surface
area of annual mean permafrost in the AOAM simulations. For the noEmit AOAM simulation, the soil tem-
perature trend is slightly negative, leading to a simulated expansion of permafrost area under AOAM.
Similar to surface air temperature and sea ice extent, soil temperatures highlight that AOAM only yields an
initial onetime offset. Would this delay in surface warming still make a difference in terms of carbon release
to the atmosphere? Tarnocai et al. [2009] provide estimates of soil carbon pools in the circumpolar perma-
frost area. Using their estimate of carbon content in the ﬁrst meter of the soil of 26.4 kg m22, a prevented
permafrost soil loss of about 1.7 (1.2) million km2 until 2100 would amount to a prevented carbon release
of 44.9 (31.7) Pg of carbon by 2100. These amounts correspond to about 3–4 years of today’s annual carbon
emissions and are small compared to the amount that would be released due to the permafrost area reduc-
tion in the reference RCP8.5 (RCP4.5) simulation of 235 (114) Pg C by 2100. Note, that these estimates are
very simplistic and do not include feedbacks from the released carbon of the permafrost soils.
4. Discussion
4.1. Limitations of This Study
Some climatically important limitations of this study arise from the chosen model set up. With respect to
the tipping elements of Lenton et al. [2008] and the Arctic radiation budget the most important ones are
the treatment of the Greenland ice sheet, atmospheric chemistry and cloud processes. For the simulations
in this study continental ice sheets were held constant to facilitate the interpretation of the results. While
variations in ice sheet dynamics only play a marginal role during the 100 year period studied, the lack of
simulated melting from the Greenland ice sheet will cause a bias in the simulated freshwater input to the
North Atlantic Ocean. The melt water would likely cause a reduction in deep water formation due to
increased vertical stratiﬁcation and thus could potentially interfere with a recovery of the AMOC as initially
seen upon implementation of AOAM in the model. On the other hand, AOAM causes a reduction in surface
air temperatures as well as ocean surface temperatures around Greenland, and could therefore possibly
reduce Greenland ice melt. It is beyond the scope of this study to investigate, which of these processes is
dominant on different time scales.
The UVic ESCM does not include atmospheric chemistry. Thus we cannot investigate whether or not a cool-
ing of the ocean surface would favor, for example, ozone depletion in the stratosphere and potentially
impact the Arctic ozone hole. We can only speculate, that the changes in meridional temperature gradients
due to the implementation of AOAM might inﬂuence atmospheric circulation patterns and thereby might
Figure 7. (a) Temporal development of the annual mean soil temperature in the uppermost meter in the area deﬁned as permafrost in 2005–2015, see black border in Figure 7b for the
different forcing scenarios; (b) map of annual mean permafrost boundaries in the years 2005–2015 (black) and in 2090–2100 for the different forcing scenarios and experiments, color
coding is the same as for Figure 7a.
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affect ozone depletion. However, AOAM is implemented mostly during summer, and chemical ozone deple-
tion takes place in winter/spring. We therefore expect no strong interference between these two processes.
Further limitations of our study include the coarse resolution of our model, the simplistic representation of
the atmosphere and the lack of a more sophisticated permafrost model. Due to the coarse resolution grid,
our model simulates North Atlantic deep convection not at the observed location in the Labrador Sea, but
further east, south of Iceland. This bias does not have a strong impact on the results of this study concern-
ing the changes in the deep convection, since these are forced by changes in sea surface salinity, which
occur everywhere in the Atlantic between 50 and 708N. However, it is noteworthy that salinity in the west-
ern part of the North Atlantic in our model are in general lower, and might therefore be more sensitive to
changes in sea surface salinity. The UVic ESCM lacks a vertical representation of atmospheric dynamics and
does not simulate a dynamic cloud response. Therefore, the model misses part of the changes in meridional
heat and moisture transports [Graversen et al., 2008] and lacks the cloud-albedo feedback as described by
Serreze and Barry [2011]. Other atmospheric feedbacks such as the response of sensible and latent heat
ﬂuxes as well as the longwave radiation response are however implemented. Furthermore, our estimate of
soil permafrost is a simple calculation lacking the dynamical representation of vertical soil temperature pro-
ﬁles as used by, e.g., Avis et al. [2011] and MacDougall et al. [2012].
4.2. Assessment of AOAM
We assess the potential of AOAM in light of the Arctic tipping elements described by Lenton et al. [2008]
under varying CO2 emission scenarios: In line with Cvijanovic et al. [2015] we ﬁnd a limited potential in
global temperature reduction. However, Arctic surface air temperatures in 2090–2100 can be reduced by
1.28C in the RCP8.5 AOAM simulation relative to the default emission simulation, which is comparable to
the regional 1.68C temperature reduction found by Cvijanovic et al. [2015] in an experiment with an albedo
modiﬁcation of 0.8 over the area north of 708N, i.e., the same AOAM implementation, but with different CO2
forcing.
In all AOAM simulations, Arctic summer sea ice area can initially be increased by 0.75 million km2, but then
continues to follow the negative trend of the respective default simulation. In 2090–2100, 53% of the 2005–
2015 summer sea ice area remains in the RCP8.5 AOAM simulation, compared to 27% of the ice area
remaining in the RCP8.5 simulation. Our values are higher compared to the 29% remaining summer sea ice
cover from the study of Cvijanovic et al. [2015, their experiment: albedo of 0.8 north of 708N], since we use
different reference states, namely 2005–2015 in our study, compared to a preindustrial 1xCO2 atmosphere
reference in the study by Cvijanovic et al. [2015], as well as different averaging areas.
In contrast to the study by Cvijanovic et al. [2015] focusing on atmospheric variables, we here focus on oce-
anic and terrestrial processes. All AOAM simulations reveal a potential to initially increase the strength of
the AMOC relative to the default simulations. A side effect of the associated initial higher northward oceanic
heat transport in the AOAM simulations compared to the default simulations is a subsurface warming
located along the continental slope. This is the region where most of the Arctic marine methane hydrates
are located [Kvenvolden et al., 1993; Biastoch et al., 2011]. Our results indicate that the partial recovery of the
AMOC, which is one of the potential tipping elements from Lenton et al. [2008], as well as the inhibited
deep convection is favoring a destabilization of the marine methane hydrates in the Arctic, another listed
potential tipping element discussed by Lenton et al. [2008]. This trade off illustrates that it might not be pos-
sible to simultaneously address all Arctic tipping elements with such a local CE measure.
Nevertheless, an initial offset of the positive temperature trends yields some potential in reducing the risk
of releasing additional greenhouse gases to the atmosphere. Until 2100 this offset leads to a prevented car-
bon release from melting permafrost soils of 19 (28) % in the RCP8.5 (RCP4.5) AOAM simulation relative to
the default simulations without AOAM. Cvijanovic et al. [2015] show that about 40% of the preindustrial per-
mafrost area remains in their model simulations. In our RCP8.5 AOAM simulation 59% of the 2005–2015 per-
mafrost area remains frozen.
Furthermore we ﬁnd that with progressing climate change, deep convection events start to occur in the
Nordic Seas in the default emission simulations, and act to cool the deep ocean. These convection events
are initially prohibited by the implementation of AOAM. Since the newly formed deep convection areas are
located right at the edge of the 708N border, i.e., the AOAM implementation border in the Nordic seas,
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where with progressing climate change the sea ice starts to retreat if AOAM is not implemented. This hints
to the fact that the Arctic climate system reacts sensitive to the location of the AOAM implementation.
In contrast to the study by Cvijanovic et al. [2015], our transient climate change setting enables us to look at
changes in simulated trends of the various metrics. It is found that, AOAM has no potential to reverse trends
in Arctic surface air temperature, sea ice and soil temperatures, but rather holds some potential to tempo-
rarily offset these trends. This holds true for all simulations, including a high emission scenario as well as a
very idealized maximum mitigation scenario (excluding negative emissions). In line with the fact that a local
cooling at high northern latitudes causes compensatory heat ﬂuxes in the atmosphere and the ocean
[Tilmes et al., 2013], the regulation of internal heat budgets in the climate system limits the potential of
AOAM to counteract Arctic ampliﬁcation of global warming. Moreover, we ﬁnd that no matter when the
deployment of AOAM is terminated even under the intermediate emission scenario RCP4.5, the sea ice
extent quickly reverses to match the sea ice extent of the default simulation (supporting information Figure
S6). This demonstrates how AOAM must be maintained over decades to keep up its initial effect of delaying
global warming consequences in the Arctic.
5. Conclusion
The self-regulating nature of the climate system prevents regional, high latitude CE methods from having
global and sustainable effects. In line with Tilmes et al. [2013] we ﬁnd that the Arctic cooling introduced by
AOAM causes compensatory meridional heat transports, limiting the effect of AOAM to a single, nonrepeat-
able delay of the warming, sea ice loss and permafrost retreat if greenhouse gas emissions continue to rise.
Moreover, undesirable side effects arise from the potential of enhanced warm water inﬂow into the Arctic
Ocean to destabilize methane hydrates. In this respect AOAM could even increase the risk of releasing addi-
tional, natural greenhouse gases to the atmosphere.
At the end of the 21st century the state of the intermediate emission simulation (RCP4.5) without AOAM is
closer to the 2005–2015 reference state than the state of the high emission scenario (RCP8.5) with AOAM
applied, for all metrics considered. This demonstrates that AOAM only delays impacts of ongoing CO2 emis-
sions. Thus on longer time scales a reduction in emissions still appears to be the safest way to prevent
severe climate change in the Arctic.
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